Although homozygous sickle cell disease is often clinically severe, the corresponding heterozygous state, sickle cell trait, is almost completely benign despite the fact that there is only a modest difference in sickle hemoglobin levels between the two conditions. In both conditions, hypoxia can lead to polymerization of sickle hemoglobin, changes in red cell mechanical properties, and impaired blood flow. Here, we test the hypothesis that differences in the oxygendependent rheological properties in the two conditions might help explain the difference in clinical phenotypes. We use a microfluidic platform that permits quantification of blood rheology under defined oxygen conditions in physiologically sized microchannels and under physiologic shear rates. We find that, even with its lower sickle hemoglobin concentration, sickle trait blood apparent viscosity increases with decreasing oxygen tension and may stop flowing under completely anoxic conditions, though far less readily than the homozygous condition. Sickle cell trait blood flow becomes impaired at significantly lower oxygen tension than sickle cell disease.
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We also demonstrate how sickle cell trait can serve as a benchmark for sickle cell disease therapies. We characterize the rheological effects of exchange transfusion therapy by mixing sickle blood with nonsickle blood and quantifying the transfusion targets for sickle hemoglobin composition below which the rheological response resembles sickle trait. These studies quantify the differences in blood flow phenotypes of sickle cell disease and sickle cell trait, and they provide a potentially powerful new benchmark for evaluating putative therapies in vitro.
| INTRODUCTION
In sickle cell disease (SCD), individuals inherit two copies of the sickle variant of the human beta globin gene (HBB), and under hypoxic conditions, the mutant sickle hemoglobin (HbS) proteins can polymerize into fibers and gels, resulting in stiffened red blood cells (RBCs). [1] [2] [3] [4] Changes in RBC mechanical properties lead to increased blood apparent viscosity and along with increased cellular adhesion and inflammation, contribute to vaso-occlusion, the primary driver of morbidity in SCD. [3] [4] [5] [6] Vaso-occlusion and its downstream pathologies contribute to a mortality rate for SCD as high as 7.3% in children under 5 years old and a significantly reduced overall life expectancy. [7] [8] [9] [10] [11] In sickle cell trait (SCT), however, individuals inherit only a single copy of the mutant hemoglobin subunit beta gene, which results in an almost entirely clinically benign phenotype, except under rare and extreme conditions. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] While SCD and SCT have vastly different clinical outcomes, the differences in sickle hemoglobin composition measured in the clinical laboratory can be far more modest. The HbS fraction for SCD is typically above 80% but can be as low as~55% in the sickling syndromes of hemoglobin SC disease or sickle-beta-plus thalassemia, and even lower in transfused SCD patients in general. By comparison, the HbS fraction in SCT typically ranges from 30% to 45%. 24, 25 It is currently unclear how such a modest reduction in hemoglobin S fraction -from levels found in many SCD patients to those typical of SCTalmost completely and permanently abrogates clinical symptoms. A more detailed understanding of the functional consequences of these modest changes in hemoglobin S fraction would likely suggest novel ways to alter or perturb the SCD clinical phenotype toward the SCT phenotype, thereby providing much-needed effective treatments.
It has been clear for decades that despite the almost uniformly that can be directly controlled as experimental variables. In a previous study, we quantified the flow of blood from SCD individuals using a microfluidic platform that allowed for precise control of oxygen tension in a pressure-driven system at physiologically relevant size scales, temperatures, and shear rates. Using this platform, we were able to show that blood from SCD patients shows significantly increased apparent viscosity at relatively high oxygen tensions, even in the range of oxygen tension that can be found within the arterial circulation, suggesting that hemoglobin S polymerization in SCD could lead to increased blood apparent viscosity throughout the vasculature. 31 The same system can be applied to define the conditions under which hemoglobin S polymerization in SCT could lead to increased apparent viscosity.
In this study, we used our previously published microfluidic platform to quantify the rheology of SCT blood as a function of oxygen tension and to compare those results to SCD blood. Our results show that at native hematocrit and physiologic temperature and shear rate, blood from individuals with SCT exhibits oxygen-dependent rheology that is qualitatively similar to but quantitatively distinct from blood from SCD individuals. We show that the apparent viscosity of SCT blood begins to increase at significantly lower oxygen tensions than SCD blood, and we show that SCT blood from some individuals can occlude under completely anoxic conditions but not as frequently as in SCD. We further report how simulated blood transfusion alters the rheology of SCD and show that SCT provides a useful benchmark to establish clinically effective transfusion targets. 
| Microfluidic device and fabrication
For all experiments, we utilized a microfluidic platform as shown in Figure 1A ,B and described previously. Fabrication of the PDMS microfluidic device consisted of three primary steps. First, soft photolithography was used to create three separate master molds for each of the different layers as described previously. [31] [32] [33] To fabricate each of the individual layers of the device, we cast PDMS at an elastomer/curing agent ratio of 10:1 on to each of the master molds. For the oxygen gas layer, PDMS was cast directly on the mold to achieve a total PDMS thickness of 5 mm. For the blood microchannel and hydration layers, we used a PDMS compression molding technique as described previously to create the individual PDMS layers at their specified thicknesses. 31, 32 Finally, the gas, hydration, and blood microchannel layers were covalently bonded together using plasma at a power of 100 W, an oxygen flow rate of 100 cm 3 /min, and an exposure time of 30 s. The final construct was then bonded to a clean microscope glass slide to complete device fabrication.
| Experimental setup and operation
To measure blood rheology, whole blood from individuals with sickle cell disease or sickle cell trait was perfused through the blood microchannels of the microfluidic device mounted to a temperatureregulated (37 C) Zeiss Axio Vert.A1 (Carl Zeiss, Jena, Germany).
Hematocrit of blood was not altered from the in vivo level to focus investigation on in vivo rheological properties. Blood was perfused at a constant 1 PSI pressure using an electronic pressure regulator (PCD-15PSIG, Alicat Scientific, Tucson, AZ). Phosphate buffered saline was perfused through the hydration channel of the device using a syringe pump (NE-500, New Era Pump Systems, Farmingdale, NY) to prevent dehydration of the blood. Oxygen gas was perfused through the oxygen gas layer of the device at a constant 1 PSI pressure using pressure regulators (Omega, Norfolk, Connecticut). Discrete oxygen gas tensions were created by mixing 160 mmHg oxygen gas (21% O 2 , 5% CO 2 , balance N 2 ) with 0 mmHg oxygen gas (5% CO 2 , balance N 2 ) using a previously developed solenoid valve gas mixing setup that periodically duty cycles the two gases. 31, 32, 37 Oxygen gas tension was continuously monitored on chip using a fiber optic oxygen sensor (NeoFox-GT, Ocean Optics, Dunedin, FL). For all experiments, as blood was perfused through the blood microchannels of the device, oxygen gas tension was initially set to fully oxygenated conditions (160 mmHg). Oxygen gas tension was then decreased to 114 mmHg (15%) and held for 5 min. Oxygen gas tension was further decreased in 19 mmHg (2.5%) steps until 0 mmHg or until occlusive behavior was seen. Each oxygen gas tension step was held for a minimum of 5 min to capture stabilized, steady state behavior.
| Rheological measurements
Blood rheological behavior was quantified by measuring blood flow velocity within the blood microchannels. For each experiment, videos of blood flow within the microchannels are captured in 32 frame bursts at a frame rate of 700 frames per second at a frequency of one video every 3-4 s. Figure 1D shows still frames from blood as it traverses the microchannels. An optical flow tracking algorithm based on a Kanade-Lucas-Tomasi feature tracker using computer vision within MATLAB (Mathworks, Natick, MA) was then implemented to calculate blood flow velocities. 38 The efficacy of the tracking algorithm was validated against our previously published method. 39 The velocity at each time point was defined as the average velocity in the center 50% For all SCT blood samples we tested, we determined a critical oxygen tension at which the blood velocity transitions from an oxygen-independent flow velocity to an oxygen-dependent (reduced) velocity (regime I/II boundary, as described in Section 3). We first determined a confidence interval for the oxygen tension of the regime I/II boundary by determining the range of oxygen tension that we experimentally measured where mean steady state velocity decreased significantly (P < .01). The lower bound of the confidence interval was defined as the highest oxygen tension where mean blood velocity is at least three standard deviations below the mean blood velocity of the next highest measured oxygen tension step, as well as three standard deviations below the mean blood velocity of the fully oxygenated condition (160 mmHg). The upper bound of the confidence interval was defined as the lowest oxygen tension whose mean blood velocity is not significantly different from the fully oxygenated condition. To determine the specific oxygen tension where the regime I/II boundary is located, we linearly interpolated velocities at every oxygen tension (at a ppO 2 = 1 mmHg resolution) and found the highest oxygen tension in which the interpolated velocity is three standard deviations lower than the measured upper bound of the confidence interval. To compare between SCT and SCD groups, statistical significance was determined nonparametrically using a MannWhitney U test.
FIGURE 1
In vitro disease model to study sickle trait blood flow using a microfluidic platform. A, Schematic of the experimental platform built around the microfluidic device including an oxygen gas mixer, PBS hydration flow regulator, pressure regulation of whole blood, oxygen sensor, and high speed camera. Insert B, shows a cross-sectional view of the microfluidic device, which comprises of the gas, hydration, and blood layers as described in Section 2 (C). Illustration of the blood microchannels in the device. A single blood channel starts at the inlet and loops around allowing for the simultaneous imaging of four sections of the channel as shown by the inset. Arrows along the channels depict the directionality of the blood as it traverses through the microchannels. D, Photographs of blood as it traverses the microfluidic channels [Color figure can be viewed at wileyonlinelibrary.com] 3 | RESULTS
| Sickle cell trait blood rheology is oxygen dependent
We quantified the relationship between steady state blood flow velocity and oxygen gas tension for blood samples from 8 SCT patients (genotype AS) at native hematocrit and physiologic temperature. Using our microfluidic platform, we serially decreased oxygen tension in 19 mmHg steps (2.5% O 2 ) from 114 mmHg (15% O 2 ) down to 0 mmHg (0% O 2 ) or until occlusive behavior was observed. At each oxygen tension step, we quantified the steady state velocity, and the results are shown in Figure 2 . As expected, blood from individuals lacking the sickle mutation (genotype AA) showed no detectable response to oxygen (Figure 2A ), whereas blood from both SCT ( Figure 2B ) and SCD ( Figure 2C ) individuals had flow velocities that began to decrease with decreasing oxygen tension after some oxygen tension threshold. In the representative SCT patient blood sample shown in Figure 2B , oxygen tensions above 38 mmHg resulted in blood velocities that were independent of oxygen tension and were comparable in magnitude to genotype AA blood. Between 19 and 38 mmHg, there is a transition to an oxygen-dependent regime,
where velocity decreases monotonically with oxygen tension. This behavior is qualitatively similar to that observed for the SCD sample in Figure 2C . As expected, however, the transition to oxygen dependent flow occurs at a higher oxygen tension for the SCD sample relative to the SCT sample, and the SCD sample fully occludes at low oxygen tension, unlike this SCT sample. Additionally, we imaged individual RBCs for SCD and SCT to observe changes in RBC morphology in response to oxygen tension (Supporting Information Figure S1 ). We found that at very low oxygen both conditions trigger morphological changes, but morphology changes first appear at higher oxygen tension in SCD than SCT.
For SCD blood samples (as seen in Supporting Information Figure   S2 ), we previously characterized three distinct functional regimes for blood flow as a function of oxygen tension: (I) at high oxygen tension, blood flow was oxygen-independent with velocities comparable to those measured in non-sickle (genotype AA) blood; (II) at intermediate oxygen tension, blood flow was oxygen-dependent, with decreasing oxygen tension leading to monotonically decreasing blood flow velocity; (III) at low oxygen tension, blood flow was oxygen-independent but with significantly reduced velocities (sometimes zero) compared to regime I. 31 Figure 2D shows the normalized, median velocities for all eight SCT blood samples as a function of oxygen tension. In all of these SCT blood samples, we see similar qualitative behavior to the homozygous SCD with blood flow also exhibiting oxygen-dependent behavior ( Figure 2B ). All SCT samples we measured displayed oxygenindependent flow velocities at high oxygen tension (regime I), as well tions. In addition, we observed that SCT samples that did occlude recovered to initial flow velocities (regime I behavior) when oxygen was reintroduced, similar to our previous observations for SCD samples. [31] [32] [33] 40 In addition to steady state rheology, we measured the rate of change of velocity upon rapid deoxygenation from a fully oxygenated state as described previously. 41 We compared whole blood from 8 different SCT blood samples against 11 SCD blood samples and found deceleration rates to be significantly slower in SCT blood (P = .041, Mann-Whitney U nonparametric testing), as seen in Supporting Information Figure S3 . FIGURE 2 Rheological behavior of SCT blood becomes oxygendependent near venous oxygen tension. A, Normalized, steady state flow velocity of a nonsickle (genotype AA) individual's blood sample does not depend on oxygen tension. Oxygen tension was varied in a stepwise manner as described in Section 2. The red to blue shaded gradient above the plot corresponds to oxygen tensions typically found in arterial circulation (red) and venous circulation (blue). Supraphysiological oxygen tension (white) is also displayed toward the right side of the box. B, Normalized steady state flow velocity of an individual with sickle cell trait is dependent on oxygen tension. At high oxygen tension (>38 mmHg), velocities are oxygen-independent and exhibit regime I flow behavior. Between 19 and 38 mmHg, flow behavior transitions to regime II where steady state velocities become impaired and are sensitive to oxygen tension. C, Normalized steady state flow velocity for an individual with homozygous sickle cell disease is dependent on oxygen tension. High oxygen tension (>76 mmHg) results in oxygenindependent regime I flow behavior. Intermediate oxygen tension (>19 mmHg and <76 mmHg or 19 < ppO 2 < 76 mmHg) displays impaired, oxygen-dependent regime II flow behavior, and low oxygen tension (<19 mmHg) exhibit severely impaired/nearly occluded regime III behavior. D, Normalized, median, steady state velocities for eight different SCT blood samples. Each colored line corresponds to a unique SCT blood sample [Color figure can be viewed at wileyonlinelibrary.com]
| Oxygen dependence of SCT blood samples correlates with HbS fraction
Previously, we quantified the in vitro oxygen tensions at which blood from SCD patients first became impaired and oxygen-dependent (regime I/II transition), 31 and in this study, we quantified this transition for 8 unique SCT patients ( Figure 3A ). For one of the samples, we observed no impaired flow until oxygen tension dropped below 19 mmHg. In four of the eight samples, flow became impaired when oxygen dropped from 38 to 19 mmHg, and for three of the eight samples flow became impaired when oxygen tension dropped from 57 to 38 mmHg. We compared this regime I/II transition oxygen tension for SCT patients to that from 12 unique SCD patient samples ( Figure 3A) , and the regime I/II transition occurred at significantly (P < .01) lower oxygen tensions in SCT patients compared to SCD patients ( Figure 3B ).
We previously found no strong correlation between the location of the transition to impaired flow (regime I/II transition) and common hematologic parameters for SCD patients, and that finding holds for the SCD patient samples measured for this study as well ( Figure 3B , D). 31 In contrast, the transition to impaired flow for SCT patient samples displayed a strong correlation (correlation coefficient, ρ = 0.97) with bulk HbS fraction. The SCT sample with the lowest HbS% had the lowest regime I/II transition boundary, and the SCT samples with the highest HbS% had the highest regime I/II transition boundary. We also observed that occlusions (regime III behavior) were more likely in SCT samples with higher HbS%, and no sample with an HbS fraction less than 40% occluded at low oxygen tension. Overall, we found that four out of the eight SCT patient blood samples occluded at low oxygen tension (ppO 2 ≤ 19 mmHg).
| Sufficiently transfused SS blood samples show oxygen-dependent rheology similar to that of SCT blood samples
Transfusion therapy lowers HbS in SCD patients and is one of the most common treatments for the disease. Table S1 ). We then performed the same measurements in our HbS-containing cells is capable of increasing whole blood viscosity by a detectable amount.
We also measured the regime I/II transition for all transfused specimens ( Figure 4C ), and we found for some specimens that the transition to impaired flow (regime I/II transition) generally occurs at lower oxygen tension as the fraction of HbA increases ( Figure 4C ).
Samples transfused to~47% HbS fraction exhibited a regime I/II transition similar to untransfused samples, but samples with 18% HbS fraction or less displayed a regime I/II transition at significantly lower oxygen tensions. The regime I/II transition was undetectable for one of the samples transfused to~5% HbS fraction (purple dots, Figure 4B ) and for both 100% AA (0% HbS fraction) control experiments, as expected (green dots, Figure 4C ,D).
We also compared our findings for transfused samples directly with SCT samples (Figure 4A,B) , since the benefits seen in both cases are due to increased HbA and reduced HbS, but with different cellular distributions. We found that blood transfusion simulations with 18%
HbS fraction or less ( Figure 4A ,B blue and purple lines) yielded a biophysical response that most resembled that of SCT blood samples with the mildest oxygen-dependence (interquartile range of all SCT responses are indicated by gray, shaded regions in Figure 4A ,B).
Unlike samples with SCT, samples transfused to 16%-18% HbS fraction still exhibited regime III behavior at low oxygen tension. As shown by the blue lines in Figure 4A ,B, at oxygen tensions under 20 mmHg, blood flow is both impaired and oxygen-independent.
Transfused blood specimens of~47% HbS fraction (orange lines) and untransfused samples (red lines) had nearly identical rheological changes under hypoxic conditions, which were larger in magnitude than for SCT blood samples. Figure 4D shows the estimated HbS fraction for each simulated transfusion (based on HCT, native HbS %, and blood volume fractions) as well as the measured HbS fraction for all SCT samples tested. Generally, we observe that a lower HbS fraction is required in transfusions relative to SCT samples to observe similar rheological behavior.
| DISCUSSION
In this study, we quantified the oxygen-dependence of sickle trait blood rheology in physiologically sized microchannels and under physiologically relevant shear rates using pressure-driven flow. We leveraged an experimental platform and measurement protocol previously developed for measuring homozygous sickle blood 31 and directly compared oxygen-dependent rheology of SCT and SCD blood. We found that SCT blood displays similar qualitative behavior to SCD blood, with unimpaired flow at high oxygen tensions and impaired flow that is oxygen dependent at lower oxygen tensions. In general,
we found that the most notable difference is that the transition to reduced flow occurs at significantly lower oxygen tension for SCT blood. Interestingly, we found that some SCT blood samples do occlude under completely anoxic conditions. From a molecular perspective, it has been shown that SCD RBCs contain more HbS polymer than SCT RBCs at the same oxygen tension. [52] [53] [54] Our results are consistent with the interpretation that the apparent viscosity of a blood sample increases with increasing polymer fraction, as suggested in previous studies showing that single-RBC mechanical stiffness increased with polymer fraction. 55, 56 Overall, these in vitro observations are in broad agreement with prior studies detecting hemoglobin polymer in SCT cells and with clinical observation that SCT is clinically benign except under conditions of extreme hypoxia such as intense exercise or high altitude. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] 29, 30 Clinical experience suggests that under the vast majority of conditions, SCT blood remains safely within a range of oxygen tension that hemoglobin polymerization is limited to a range where any increase in blood apparent viscosity is not clinically significant. Blood flow remains sufficient to avoid symptoms, in sharp contrast to SCD, where impaired flow can occur chronically and contributes to the long term morbidity associated with the disease. 7-9 Notably, we find that the Because SCT is clinically benign, the relationship between SCT blood rheology and oxygen tension provides a useful benchmark for putative therapies. 28 Transfusion therapy with genotype AA blood is one of the most commonly used treatment options for SCD, [47] [48] [49] [50] [51] even though evidence for specific treatment targets, such as posttransfusion HCT or hemoglobin S fraction, is limited. Our results
show that simulating transfusion of SCD can shift in vitro SCD blood rheology toward that of SCT, and that a sufficiently large transfusion of healthy RBCs (reducing the HbS fraction below~18%) can result in an in vitro rheological response similar to or less sensitive than that of SCT blood (eg, higher velocity under hypoxic conditions or transition to impaired flow at lower oxygen tension). We find that the HbS fraction at which these rheological improvements are observed in transfused SCD samples is lower than the HbS fraction usually found in SCT samples. We speculate that differences in cellular distribution of HbA and HbS among the RBC population are responsible. In SCD, all native cells will contain high fractions of HbS (typically >80%), and even a small fraction (~10%) of these high
HbS cells is sufficient to produce measurable rheological changes.
Moreover, these cells will form significant polymer at higher oxygen tensions than SCT RBCs, possibly causing polymerization and reduced flow even in the arterial circulation. 31 Thus, as has been postulated for HbF, 57 Grant 13SDG6450000.
